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CIRCTJMSTELLAR DUST 
Eli Dwek et al. 
The presence of dust in the general interstellar medium is inferred from 
the extinction, polarization, and scattering of starlight; the presence of 
dark nebulae; interstellar depletions; the observed infrared emission around 
certain stars and various types of interstellar clouds. Interstellar grains 
are subject to various destruction mechanisms that reduce their size or even 
completely destroy them' (e.g. Seab et al, this volume). A continuous source 
of newly-formed dust must therefore be present for dust to exist in the 
various phases of the interstellar medium (ISM). 
This working group has the following goals: 1) review the evidences for 
the formation of dust in the various sources; 2) examine the clues to the 
nature and composition of the dust; 3) review the status of grain formation 
-. theories; 4) examine any evidence for the processing of the dust prior to its 
injection into the interstellar medium; and 5) estimate the relative contribu- 
tion of the various sources to the interstellar dust population. 
Sources considered in this report are: cool giant and supergiant stars, 
planetary nebulae, hot stars, evolved stars, novae, supernovae, and proto- 
stars. A brief review on observational aspects of circumstellar dust, and on 
the formation of circumstellar grains is given, respectively, by Jura and by 
Draine in this volume. 
EVIDENCE FOR DUST FORMATION 
The presence of dust in circumstellar shells around cool evolved stars 
is inferred from the infrared (IR) excess above the underlying stellar con- 
tinuum or free-free emission, from the polarization of starlight, and from the 
presence of reflection nebulae surrounding the star. The IR excesses are 
apparent at wavelengths above 5 microns. They appear either as a continuum 
that exhibits a shallower falloff with increasing wavelength compared to the 
underlying stellar emission, or exhibit characteristic dust emission features. 
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I n  p l a n e t a r y  n e b u l a e  t h e  p resence  of d u s t  i s  a l s o  i n f e r r e d  from t h e  
e x t i n c t i o n  and s c a t t e r i n g  of t h e  s t e l l a r  UV and o p t i c a l  emiss ion.  However, a n  
unreso lved  i s s u e  is t h e  phase  i n  t h e  e v o l u t i o n  of t h e  star d u r i n g  which t h e  
d u s t  a c t u a l l y  formed. The d u s t  cou ld  have formed d u r i n g  t h e  r e d  g i a n t  phase ,  
and been accumulated i n  a  s h e l l  d u r i n g  t h e  fo rmat ion  of t h e  p l a n e t a r y  nebula.  
A l t e r n a t i v e l y ,  t h e  d u s t  cou ld  have formed d u r i n g  t h e  p l a n e t a r y  e j e c t i o n  phase.  
The p r e s e n c e  of d u s t  around novae is  i n f e r r e d  from t h e  e v o l u t i o n  of 
t h e i r  r a d i a t i v e  o u t p u t  a t  t h e  v a r i o u s  wavelengths.  A few months a f t e r  t h e  
e x p l o s i o n ,  t h e  nova l i g h t  curve  may e x h i b i t  a  d r a m a t i c  r i s e  i n  t h e  i n f r a r e d  
.. / 
which i s  concur ren t  w i t h  a  r a p i d  d r o p  i n  t h e  UV-visual (e.g. Gehrz e t  a l . ,  
1980 a n d  r e f e r e n c e s  t h e r e i n ) .  The a p p e a r a n c e  of t h e  i n f r a r e d  e x c e s s  i s  
u s u a l l y  i n t e r p r e t e d  as ev idence  f o r  t h e  fo rmat ion  of d u s t  i n  t h e  expanding 
novae e j e c t a  (e.g. C lay ton  and Wickramasinghe, 1976). The appearance  of t h e  
d u s t  i n  t h e  e x p a n d i n g  s h e l l  i s  t h e n  a l s o  t h e  c a u s e  f o r  t h e  d r o p  i n  t h e  
observed UV o u t p u t  from t h e  s t a r .  A d i f f e r e n t  e x p l a n a t i o n  was o f f e r e d  by Bode 
and Evans (1980a). They sugges ted  t h a t  t h e  d u s t  around some novae was n o t  
formed d u r i n g  t h e  nova e v e n t  b u t  d u r i n g  a n  e a r l i e r  phase  i n  t h e  e v o l u t i o n  of 
t h e  p r o g e n i t o r  s t a r .  The observed I R  e x c e s s  i n  t h e i r  model t h e r e f o r e  repre -  
s e n t s  t h e  r e p r o c e s s i n g  of t h e  UV-visual o u t p u t  of t h e  s t a r  by t h e  p r e e x i s t i n g  
c i r c u m s t e l l a r  d u s t  s h e l l .  The c o n c u r r e n t  d r o p  i n  t h e  UV i s  more d i f f i c u l t  t o  
e x p l a i n  i n  t h e i r  model, and i s  a t t r i b u t e d  t o  an  i n c r e a s e  i n  t h e  e f f e c t i v e  
t empera tu re  of t h e  nova t h a t  is  a s s o c i a t e d  w i t h  i t s  d e c r e a s i n g  p h o t o s p h e r i c  
r a d i u s  (Bath and Shaviv ,  1976). 
T h a t  d u s t  f o r m a t i o n  may t a k e  p l a c e  i n  supernovae (SN) i s  i n f e r r e d  from 
t h e  plresence of i s o t o p i c  anomal ies  i n  m e t e o r i t e s  ( s e e  D. D. Clay ton ,  e t  a l .  i n  
t h i s  volume). I n  t h e  absence of a n  u n d e r l y i n g  s o u r c e  of UV emiss ion ,  which 
p rov ides  t h e  h e a t i n g  of t h e  d u s t  i n  novae,  i t  may be i m p o s s i b l e  t o  o b t a i n  
ev idence  f o r  t h e  fo rmat ion  of d u s t  i n  t h e  expanding SN e j e c t a  from t h e  evolu- 
t i o n  of t h e  SN l i g h t  curve.  The e x c e s s  of I R  emiss ion d e t e c t e d  i n  t h r e e  
r e c e n t  Type 11 supernovae ( M e r r i l l ,  1979; Dwek e t  a l . ,  1983; Graham e t  a l . ,  
1984) r e p r e s e n t s  i n  a l l  t h r e e  c a s e s  t h e  UV-visual o u t b u r s t  of t h e  s t a r  repro-  
cessed  by c i r c u m s t e l l a r  d u s t  t h a t  presumably formed d u r i n g  t h e  r e d  g i a n t  phase  
of i t s  e v o l u t i o n  (Bode and Evans, 1980b; Dwek, 1983). Of t h e  t h r e e  supernovae 
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only  SN 1980k was a l s o  c o n s i s t e n t  w i t h  t h e  i n t e r p r e t a t i o n  t h a t  d u s t  formed i n  
t h e  SN e j e c t a  (Dwek e t  a l . ,  1983). D i r e c t  ev idence  f o r  t h e  e x i s t e n c e  of 
supernova condensates  can be o b t a i n e d  by i n f r a r e d  o b s e r v a t i o n s  of young, r e l a -  
t i v e l y  unmixed supernova remnants (Dwek and Werner, 1981).  Two !such candi-  
d a t e s  a r e  t h e  Crab Nebula and t h e  Cas A remnant, however, s o  f a r  n e i t h e r  
remnant shows any c o n c l u s i v e  ev idence  t h a t  che observed d u s t  i s  of supernova 
o ' r ig in  (Marsden e t  a l . ,  1984, and Dwek e t  a l .  i n  p r e p a r a t i o n ) .  
P r o t o s t a r s  a r e  observed t o  be embedded i n  cocoons of d u s t  and were sug- 
g e s t e d  by F i e l d  (1974) ' a s  major s o u r c e s  of i n t e r s t e l l a r  d u s t .  'The observed 
c i r c u m s t e l l a r  d u s t  may, however, be p r e e x i s t i n g  d u s t  from t h e  p r o t o s t e l l a r  
environment ou t  o f  which t h e  s t a r  formed. 
Evolved stars l i k e  R Coronae B o r e a l i s  a r e  extremely ca rbon- r ich  o b j e c t s  
(C/H>>l) which p e r i o d i c a l l y  f a d e  up t o  e i g h t  magnitudes i n  t h e  v i s u a l .  Typi- 
c a l l y  a f t e r  s e v e r a l  months, t h e y  r e t u r n  t o  normal (Payne-Gaposchkin, 1963; 
Alexander e t  a l . ,  1972).  Subsequent t o  t h e  d i s c o v e r y  of a n  I R  e x c e s s  around R 
Coronae B o r e a l i s  (RCR) ( S t e i n  e t  a l . ,  1969) i t  h a s  been g e n e r a l l y  accep ted  
t h a t  d u s t  i s  always p r e s e n t  around RCB t y p e  s t a r s .  The f a d i n g  of t h e  s t a r  i s  
a t t r i b u t e d  t o  t h e  e j e c t i o n  of a  cloud of carbon g r a i n s  a l o n g  our  l i n e  of s i g h s  
(O'Keefe ,  1939; F o r r e s t  e t  a l . ,  1972). UV o b s e r v a t i o n s  of t h e  s t a r ,  and t h e  
d e r i v e d  UV e x t i n c t i o n  c u r v e s  a r e  c o n s i s t e n t  w i t h  t h a t  h y p o t h e s i s  (Necht e t  
a l . ,  1984). 
-
2, DUST COWOSITION 
S t a r s  w i t h  c i r c u m s t e l l a r  d u s t  s h e l l s  c a n  b e  g r o u p e d  i n t o  two main 
c l a s s e s  based on t h e i r  p h o t o s p h e r i c  abundances:  t h o s e  i n  which oxygen i s  more 
abundant t h a n  carbon (C/0<1) ,  and t h o s e  f o r  which C/0>1. The d u s t  t y p e  i n  t h e  
c i r c u m s t e l l a r  s h e l l  seems w e l l  c o r r e l a t e d  w i t h  t h e s e  two c l a s s e s , :  s i l i c a t e  
d u s t  w i t h  oxygen-rich s t a r s ,  and carbonaceous and S i c  p a r t i c l e s  w i t h  carbon- 
r i c h  s t a r s .  
The p r e s e n c e  of s i l icates i n  oxygen-rich stars is  i n f e r r e d  from t h e  9 .7  
and 18 micron emiss ion  f e a t u r e s  (e.g. Ai tken ,  1981),  and t h e  f e a t u r e l e s s  
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i n f r a r e d  spect rum observed i n  ca rbon  s t a r s  and p l a n e t a r y  n e b u l a e  (Math i s ,  
1978) i s  u s u a l l y  a t t r i b u t e d  t o  c r y s t a l l i n e  g r a p h i t e .  Dra ine  (1984) p r e d i c t e d  
-
t h a t  c r y s t a l l i n e  g r a p h i t e  shou ld  have a  r e sonance  f e a t u r e  a t  11.52 mLcrons 
which h a s  not  y e t  been d e t e c t e d ,  and t h i s  may s u g g e s t  t h a t  c i r c u m s t e l l a r  
carbon i s  i n s t e a d  amorphous. Sic h a s  a  broad emiss ion  f e a t u r e  e x t e n d i n g  from 
10.5 t o  13 microns which has  been obse rved  i n  c i r c u m s t e l l a r  s h e l l s  around 
carbon s t a r s  and some p l a n e t a r y  nebu lae  ( s e e  review by Ai tken ,  1981).  Based 
on cosmic abundances,  i t  is expec ted  t h a t  l e s s  than  10 p e r c e n t  of t h e  d u s t  
around ca rbon- r i ch  s t a r s  w i l l  be S i c .  T h e r e f o r e ,  S i c  w i l l  be a  minor c o n t r i b -  
u t o r  t o  t h e  i n t e r s t e l l a r  v i s u a l  a n d  UV e x t i n c t i o n  ( M a t h i s ,  Rumpl, a n d  
- 
Nordsieck,  1977). A broad 25-30 micron f e a t u r e ,  s e e n  i n  ca rbon  s t a r s  and i n  
carbon-r ich  p l a n e t a r y  nebu lae  (Goebel and Moseley, 1985; F a r r e s  t , Houck, and 
McCarthy, 1981) was s u g g e s t e d  by them t o  be a  resonance f e a t u r e  i n  s o l i d  MgS. 
The f e a t u r e  is  a b s e n t  i n  p l a n e t a r y  nebu lae  w i t h  h i g h  C / O  r a t i o s ,  s u g g e s t i n g  
cha t  most of t h e  s u l p h u r  i n  t h a t  c a s e  i s  locked up i n  CS. 
A few oxygen- r i ch  s t a r s  show a b s o r p t i o n  f e a t u r e s  a t  3.1 microns and 6.0 
microns ( S o i f e r  e t  a l . ,  1981) ,  which is  c h a r a c t e r i s t i c  of w a t e r  i c e  a t  temper- 
a t u r e s  s i g n i f i c a n t l y  lower  t h a n  150 K. These o b s e r v a t i o n s  s u g g e s t  t h a t  H20 
can condense o u t  from t h e  g a s  a t  s u f f i c i e n t l y  l a r g e  d i s t a n c e s  from t h e  s t a r  
( s e e  J u r a ,  t h i s  volume). A d d i t i o n a l  ev idence  f o r  t h e  p r e s e n c e  of  c i r c u m s t e l -  
l a r  i c e  i s  sugges ted  by t h e  UV o b s e r v a t i o n s  of HD 44179 ( S i t k o ,  Savage,  and 
Mead, 19811, t h e  i l l u m i n a t i o n  s o u r c e  f o r  t h e  Red Rec tang le  Nebula. The 1600 A 
a b s o r p t i o n  f e a t u r e  i n  t h e  spect rum has  been i n t e r p r e t e d  by Hecht and Nuth 
(1982) a s  evidence f o r  t h e  p resence  of w a t e r  i c e  i n  t h e  c i r c u m s t e l l a r  s h e l l  of  
Chat s t a r .  
A v a r i e t y  of o b j e c t s  e x h i b i t  a  s e r i e s  of " u n i d e n t i f i e d "  i n f r a r e d  emis- 
s i o n  b a n d s  a t  3 . 3 ,  6 . 2 ,  - 7 . 7 ,  8 . 6 ,  a n d  1 1 . 3  m i c r o n s  ( s e e  r e v i e w  p a p e r  by 
Ai tken ,  1981). R e c e n t l y ,  Leger  and Puget (1984)  sugges ted  t h a t  t h e s e  F e a t u r e s  
a r i s e  from very s m a l l  (50 atoms) hydrogenated carbon " g r a i n s " ,  t h a t  a r e  r a d i -  
a t i v e l y  e x c i t e d  by t h e  s t e l l a r  UV r a d i a t i o n .  P o l y c y c l i c  a r o m a t i c  hydrocarbons  
(PAH's) appear  t h e  most promi-sing c a r r i e r s  of t h e s e  f e a t u r e s ;  however, t h e  
e x a c t  n a t u r e  oE t h e  e x i t a t i o n  mechanism is  s t i l l  c o n t r o v e r s i a l  (Allamandola,  
T i e l e n s ,  and Barker ,  1955) .  
The p resence  of v a r i o u s  c lements  and t h e i r  i s o t o p i c  composi t ion i n  c i r -  
c u m s t e l l a r  d u s t  g r a i n s  can on ly  he  conf i rmed from t h e  s t u d y  o f  m e t e o r i t e s .  
Abundance anomal ies  i n  t h e s e  o b j e c t s  s u g g e s t  t h a t  v o l a t i l e  s -p rocess  e lements ,  
and s h o r t - l i v e d  r a c . l i o a c t i v i t i e s  were t r a p p e d  i n  c i r c u m s t e l l a r  g r a i n s  dur ing  
t h e  condensa t ion  p r o c e s s  ( s e e  Clayton e t  a l . ,  t h i s  volume). The p resence  of 
t h c s e  v o l a t i l e  e l ements  i n  t h e  g r a i n s  p r o v i d e  a c h a l l e n g e  f o r  anyone a t t empt -  
i n g  t o  model t h e  condensati .on p r o c e s s  i n  c i . r c u m s t e l l a r  s h e l l s .  
The c r y s t a l  s t r u c t u r e  o f  t h e  e m i t t i n g  d u s t  can a f f e c t  t h e  shape of  d u r t  
e m i s s i o n  f e a t u r e s  a s  w e l l  a s  t h e  l o n g  w a v e l e n g t h  b e h a v i o r  of  t h e  d ~ i s t  
e m i s s i v i t y .  T h i s  e f f e c t  i s  most obvious  i n  t h e  comparison of t h e  a b s o r p t i o n  
e f f i c i e n c y  of g r a p h i t e  p a r t i c l e s  (e.g.  Dra ine  and Lee,  1984) w i t h  t h a t  o f  
amorphorls carbon (e .g .  Koike,  Hasegawa, and Manabe, 1980).  For  s i l i c a t e s  a n d  
o t h e r  g r a i n  m a t e r i a l s  t h e  d i f f e r e n c e s  may be  more s u b t l e .  The shape of t h e  
9.7 micron Fea tu re  i n  c i r c u m s t e l l a r  s h e l l s  which i s  r e a s o n a b l y  w e l l  f i t  by 
t h a t  of amorphous s i l i c a t e s  ( P a p o u l a r  and P e g o u r i e ,  1983) a p p e a r s  d i f f e r e n t  i n  
red g i a n t  s h e l l s  compared t o  t h e  Trapezium ( s e e  F o r r e s t ,  McCarthy, and Houck, 
1979 and r e f e r e n c e s  t h e r e i n ) ,  s u g g e s t i n g  a d i f f e r e n t  c r y s t a l  s t r u c t l i r e  i n  
t h e s e  r e g i o n s .  The s i g n i f i c a n c e  of t h e  d i f f e r e n c e  i s  c u r r e n t l y  u n c l e a r ,  s i n c e  
t ~ n c e r t a i n t i e s  i n  t h e  s u b t r a c t i o n  of t h e  u n d e r l y i n g  continuum may be l a r g e r  
than  t h e  d i f f e r e n c e  i n  t h e  s p e c t r a .  Addi t iona l  i n f o r m a t i o n  on t h e  c r y s t a l l i n e  
s t r u c t r i r e  of g r a i n s  may be i n f e r r e d  from t h e  f a r - i n f r a r e d  h e h a v i o r  of t h e i r  
e m i s s i v i t y .  An i n v e r s e  s q u a r e  wavelength  dependence i s  expec ted  f o r  c r y s t a l -  
l i n e  p a r t i c l e s .  Recent o b s e r v a t i o n s  (e .g .  Sopka e t  a l . ,  1985) sugges t  t h a t  
t h e  f a r - i n f r a r e d  d rop  i n  a b s o r p t i o n  e f f i c i e n c y  of s i l i c a t e  o r  carbon g r a i n s  
a p p e a r s  t o  f o l l o w  a  wavelength  - I ,  o r  wavelength  b e h a v i o r ,  s u g g e s t i n g  
t h a t  t h e s e  g r a i n s  a r e  amorphous. 'flowever, a  d i s t r i b u t i o n  of g r a i n  tetnpera- 
t u r e s  w i l l  a l s o  h a v e  t h e  e f f e c t  o f  p r o d u c i n g  a  f l a t t e r  s p e c t r u m  f rom a n  
o r i g i n a l l y  s t e e p e r  one. More d e t a i l e d  o b s e r v a t i o n s  a r e  needed t o  d i s t i n g u i s h  
between t h e s e  two p o s s i b i l i t i e s .  
A d d i t i o n a l  ev idence  t h a t  c i r c u ~ n s t e l l a r  carbon may be  amorphous, r a t h e r  
than  c r y s t a l l i n e  g r a p h i t e ,  i s  sugges ted  by t h e  2400-2500 A bump i n  the  UV 
e x t i n c t i o n  curves  toward R Coronae B o r e a l i s  s t a r s .  These s t a r s  a r e  carbon- 
r i c h  and hydrogen-poor w i t h  C / H  r a t i o s  of abou t  100, i n  which g r a p h i t e  r a t h e r  
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than hydrocarbons should be very stable. However, an analysis of the extinc- 
tion curve (Hecht et a1 1984) showed that the feature is consistent with the 
-2) 
presence of glassy or amorphous carbon around these stars. 
3, DFIS'OC FORMATION 
Although the growth of interstellar dust grains may take place in the 
~~~~~~~~~~~ar medium (see Snow this volume) the cores of these grains are 
probably Eormed in the various sources considered in section 1. Jura (this 
volume) summarized radio and infrared observations of cool giant stars that 
@an provide observational constraints on theories for dust formation in the 
outflowing gas. These constraints include the physical properties of the gas, 
and the size and composition of the dust in the outflow. A summary of how 
these observational constraints mesh with current theories of circumstel~lar 
dust formation was presented by Draine (this volume). 
The nucleation theory which is used to describe the formation and growth 
of particles in astrophysical environments makes a number of simplifying 
assumptions which may not be valid in circumstellar flows. These assumptions 
are: 1) that the vibrational temperature of the clusters and the kinetic 
temperature of the gas are the same; 2) that the chemical distinction between 
the various refractory gas phase constituents can be overlooked; 3) that free 
energies for "critical" cluster sizes can be estimated using their bulk pro- 
perties; and finally 4) that the sticking efficiency of a particle is not 
affected by the latent heat released by the formation of the chemical bond at 
the grain surface. 
These assumptions are still controversial, and there is evidence that 
some of them are incorrect in real astrophysical environments or under labora- 
tory conditions (Nuth and Donn, 1981; Stephens and Bauer, 1981; Donn and Nuth, 
1 9 8 5 ) .  Well outside the stellar photosphere the molecular vibrational 
temperatures drop below the kinetic temperature of the ambient gas. This dis- 
equilibrium reduces the validity of condensation calculations. More specif- 
ically, the reduced vibrational temperature will contribute to the stability 
of clusters and may be a key factor in the onset of the nucleation process 
(Nuth e t  a l . ,  1985).  Another problem encoun te red  i n  r e a l  a s t r o n o m i c a l  envi-  
ronments i s  t h a t  t h e  r e l e v a n t  c o l l i s i o n a l  t i m e s c a l e s  may be l o n g e r  than  t h e  
dynamical  t i m e s c a l e  of t h e  system. T h i s  p o i n t  was i l l u s t r a t e d  by S c a l o  and 
S lavsky  (1980) ,  who showed t h a t  t h e  f i n a l  p r o d u c t s  of t h e  chemical  r e a c t i o n s  
between major c o n s t i t u e n t s  o f  expanding c i r c u m s t e l l a r  s h e l l s  may be c o n t r o l l e d  
by t h e  r e a c t i o n  k i n e t i c s  i n  t h e  ou t f low.  I s o t o p i c  anomal ies  found i n  meteor- 
i t e s  s u g g e s t  t h e  i n c l u s i o n  of v o l a t i l e  e l ements  i n  t h e  d u s t  t h a t  formed around 
red  g i a n t  s t a r s .  N u c l e a t i o n  t h e o r y  h a s  t o  i n c l u d e  t h e  p o s s i b i l i t y  of t r a p p i n g  
v o l a t i l e  e l ements  i n  t h e  condensa t ion  p r o c e s s  ( K o t h a r i  e t  a l . ,  1979). i n  
a d d i t i o n  t o  s i m p l i f i c a t i o n s  i n  t h e  n u c l e a t i o n  t h e o r y ,  models f o r  t h e  fo rmat ion  
of c i r c u m s t e l l a r  d u s t  may have c o n s i d e r a b l y  s i m p l i f i e d  t h e  p h y s i c a l  c o n d i t i o n s  
of t h e  g a s  i n  t h e  f low. 
The complexi ty  of t h e  a c t u a l  p r o c e s s  of c i r c u m s t e l l a r  d u s t  fo rmat ion  can 
he i l l u s t r a t e d  by a p p l y i n g  t h e  t h e o r y  t o  a  w e l l  observed o b j e c t .  The a p p l i c a -  
t i o n  of c l a s s i c a l  n u c l e a t i o n  t h e o r y  t o  c i r c u r n s t e l l a r  g a s  f lows y i e l d s  the 
p o i n t  i n  t h e  f low beyond which t h e s e  c l u s t e r s  become s t a b l e ,  and t h e  growth 
and f i n a l  s i z e  of t h e  d u s t  p a r t i c l e s .  
I n f r a r e d  p h o t o m e t r i c  d a t a  of Alpha O r i o n i s  (summarized by J u r a  i n  t h i s  
volume) s u g g e s t s  t h a t  s i l i c a t e  d u s t  (obse rved  by . i t s  9.7 micron emiss ion 
f e a t u r e )  i s  formed and d e t e c t a b l e  o u t s i d e  of 10-100 s t e l l a r  r a d i i  ( 1 0 ' ~ - 1 0  15 
cm l i n e a r  d i m e n s i o n ) .  The d e n s i t y  i n  a s p h e r i c a l l y  s y m m e t r i c  o u t f l o w  
d e c r e a s e s  w i t h  d i s t a n c e  from t h e  s t a r .  Consequent ly ,  i f  d u s t  fo rmat ion  i s  
d e f e r e d  t o  a  d i s t a n c e  of 10-20 s t e l l a r  r a d i i ,  t h e  r e s u l t i n g  g r a i n  s i z e  i s  much 
s m a l l e r  t h a n  t h a t  i n f e r r e d  from o b s e r v a t i o n s  ( s e e  Dra ine  i n  t h i s  volume), 
These problems i n d i c a t e  t h a t  t h e  f low around t h e  s t a r  i s  s i g n i f i c a n t l y  more 
complex t h a n  assumed i n  t h e  c a l c u l a t i o n s .  I t  is  p o s s i b l e  t h a t  r e g i o n s  i n t e -  
r i o r  t o  10-20 R,, which do n o t  c l e a r l y  c o n t a i n  t h e  "9.7 micron d u s t  f e a t u r e " ,  
may be comprised of d u s t  p r o g e n i t o r s  ( c l u s t e r s )  and molecu la r  masers t h a t  
r e s i d e  i n  c o o l  clumps ( T < ~ O O O K ;  n<lO1° m 3 )  which i n  t u r n  a r e  embedded i n  a 
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warm, chromospher ic  medium ( T  n e a r  10 K; n  approximate ly  lo8 cm-3) A con- 
I d e n s a t i o n  i n s t a b i l i t y  co t i ld  p r o d u c e  t h e s e  c o n d i t i o n s  n e a r  t h e  s t a r  ( s e e  
S t e n c e l ,  1985; a l s o  t h i s  volume). Such i n s t a b i l i t y  cou ld  a l s o  e x p l a i n  tile 
p r e s e n c e  of d u s t  around h o t  Wolf-Rayet s t a r s  t h a t  e x h i b i t  r a p i d l y  moving (3000 
km/sec) o u t f l o w s ,  o r  around h i g h  t e m p e r a t u r e  (5000 K )  R Corona B o r e a l i s  s t a r s .  
I n  c o n t r a s t  t o  c o o l  s t a r s  which may produce d u s t  c o n t i n u o u s l y  i n  t h e i r  
ou t f low,  novae o n l y  produce d u s t  d u r i n g  s p o r a d i c  o u t b u r s t s .  Dust fo rmat ion  
s e e m s ,  h o w e v e r ,  t o  b e  i n h i b i t e d  i n  " f a s t "  n o v a e ,  s o  c a l l e d  b e c a u s e  t h e y  
e x h i b i t  a  r a p i d  d rop  i n  t h e i r  UV-visual o u t p u t  (e.g.  Gehrz e t  a l . ,  1980).  
Comparison between t h e  v a r i o u s  t y p e  novae may t h e r e f o r e  p r o v i d e  t h e  opportun- 
i t y  t o  examine t h e  p h y s i c a l  pa ramete r s  t h a t  can f a c i l i t a t e  ( o r  i n h i b i t )  t h e  
f o r m a t i o n  of d u s t  i n  t h e i r  e j e c t a  ( G a l l a g h e r ,  1977).  
So f a r ,  d u s t  h a s  n o t  been observed i n  supernova e j e c t a .  However, i t  i s  
expected t h a t  t h e  d u s t  f o r m a t i o n  p r o c e s s  i n  t h e s e  o b j e c t s  may be s i g n i f i c a n t l y  
d i f f e r e n t  from t h a t  o c c u r i n g  around s t a r s  o r  novae. I n  t h e  c a s e  of Type 11 
supernovae,  t h e  c o l l a p s e  of t h e  c e n t r a l  c o r e  of t h e  p r o g e n i t o r  s t a r  l e a v e s  no 
u n d e r l y i n g  s o u r c e  of r a d i a t i o n  s o  t h a t  t h e  f o r m a t i o n  of t h e  d u s t  i n  t h e  e j e c t a  
may be r e g u l a t e d  by c o l l i s i o n a l ,  r a t h e r  t h a n  r a d i a t i v e ,  p r o c e s s e s .  F u r t h e r -  
more, o b s e r v a t i o n s  of Cas A and t h e  Crab Nebula show t h a t  supernovae e j e c t a  
a re  inhomogeneous, w i t h  s i g n i f i c a n t  abundance v a r i a t i o n s  between t h e  clumps. 
The r e s u l t i n g  c o n d e n s a t i o n  sequence and d u s t  composi t ion may t h e r e f o r e  be 
q u i t e  d i f f e r e n t  from t h o s e  c a l c u l a t e d  f o r  a  uniformly expanding g a s  ( s e e  
Clayton e t  a l . ,  t h i s  volume). The enhanced d e n s i t y  i n  t h e  clumps may f a c i l i -  
-- 
r a t e  t h e  condensa t ion  p r o c e s s ,  and s h i e l d  t h e  newly-formed g r a i n s  from r e v e r s e  
shocks  t h a t  a r i s e  from t h e  d e c e l e r a t i o n  of  t h e  remnant. 
4, PROCESSING OF THE DUST 
A f t e r  t h e i r  f o r m a t i o n  and p r i o r  t o  t h e i r  i n j e c t i o n  i n t o  t h e  i n t e r s t e l l a r  
medium t h e  newly-formed d u s t  p a r t i c l e s  may be s u b j e c t  t o  v a r i o u s  p h y s i c a l  
c o n d i t i o n s  t h a t  can r e p r o c e s s  them. Rehea t ing  of t h e  d u s t  p a r t i c l e s  can 
change t h e i r  c r y s t a l l i n e  s t r u c t u r e ;  a c c r e t i o n  i n  t h e  f low,  v a r i o u s  s u r f a c e  
r e a c t i o n s ,  o r  UV p r o c e s s i n g  can a l t e r  t h e i r  composi t ion;  and c o l l i s i o n s  among 
themselves  and w i t h  t h e  ambient g a s  can a l t e r  t h e i r  s i z e  d i s t r i b u t i o n  o r  com- 
p l e t e l y  d e s t r o y  them. 
V a r i a t i o n s  i n  g r a i n  composi t ion,  s i z e ,  and morphology a r e  r e f l e c t e d  by 
changes i n  t h e  c e n t r a l  wavelength ,  s t r e n g t h ,  and shape  of t h e i r  c h a r a c t e r i s t i c  
i n f r a r e d  bands. For  example, t h e  e m i s s i o n  peaks of c r y s t a l l i n e  s i l i c a t e s  
d i f f e r  i n  wavelength  and shape from t h e  emiss ion  bands of amorphous s i l i c a t e s  
of t h e  same composi t ion (S tephens  and R u s s e l l ,  1979). Fur the rmore ,  t h e  8-25 
micron spec t rum of v a r i o u s  l abora to ry -produced  amorphous and p a r t i a l l y  c rys -  
t a l l i z e d  s i l i c a t e s  show, i n  a d d i t i o n  t o  t h e  w e l l  known 10 and 20 micron bands ,  
weak f e a t u r e s  which may correspond t o  weak s t r u c t u r e s  p r e s e n t  i n  t h e  i n f r a r e d  
s p e c t r a  of oxygen-rich s t a r s  (Nuth and Donn, 1982). 
Evidence f o r  changes i n  t h e  g r a i n  s i z e  d i s t r i b u t i o n  around R Coronae 
B o r e a l i s  s t a r s  was p r e s e n t e d  by Hecht e t  a l .  (1984) .  From t h e  Fading of t h e  
v i s u a l  o u t p u t  they  proposed t h a t  a f t e r  fo rmat ion  t h e  g r a i n s  grow t o  approx i -  
mate ly  0.1 micron. Subsequent c o l l i s i o n s  r e s u l t  i n  a  MRN power-law d i s t r i b u -  
t i o n  of s i z e s  r a n g i n g  from 0.005 t o  0.060 microns .  
G r a p h i t e  p a r t i c l e s  can r e a c t  w i t h  a t o m i c  o r  i o n i z e d  hydrogen i n  t h e  
v i c i n i t y  of H I 1  r e g i o n s  i f  t h e i r  t e m p e r a t u r e  is  above a  c r i t i c a l  t empera tu re  
of about  110 K. Barlow (1983) proposed t h a t  chemical. s p u t t e r i n g  o f  carbon 
g r a i n s  can form s u r f a c e  hydrocarbon complexes which may be r e s p o n s i b l e  f o r  t h e  
observed " u n i d e n t i f i e d "  i n f r a r e d  e m i s s i o n  f e a t u r e s .  UV i r r a d i a t i o n  can l e a d  
t o  s i m i l a r  r e s u l t s .  The o b s e r v a t i o n s  of t h e s e  f e a t u r e s  on t h e  boundary of H T I  
r e g i o n s  and i n  p l a n e t a r y  nebu lae  may t h e r e f o r e  be ev idence  f o r  r a d i a t i v e  o r  
c o l l i s i o n a l  p r o c e s s e s  on t h e  s u r f a c e  of ca rbon  g r a i n s .  
5- RELATIVE CONTRIBUTION TO THE ISM 
The r e l a t i v e  c o n t r i b u t i o n  of t h e  v a r i o u s  s o u r c e s  t o  t h e  i n t e r s t e l l a r  
d u s t  p o p u l a t i o n  is of  c o n s i d e r a b l e  i n t e r e s t  because  of t h e  d i f f e r e n t  abundance 
p e c u l i a r i t i e s  t h a t  can be locked i n  t h e  d u s t  d u r i n g  t h e  c o n d e n s a t i o n  p rocess .  
For example,  s i l i c a t e s  t h a t  formed i n  supernova  e j e c t a  w i l l  c o n t a i n  pure  1 6 ~ ,  
and were s u g g e s t e d  a s  t h e  s o u r c e  of abundance anomal ies  i n  t h e  m e t e o r i t e s .  The 
r e l a t i v e  c o n t r i b u t i o n  of each  s o u r c e  t o  t h e  i n t e r s t e l l a r  d u s t  p o p u l a t i o n  
depends on t h e  t o t a l  amount of mass r e t u r n e d  from t h a t  s o u r c e  t o  t h e  ISM, on 
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the fraction of condensible elements in the ejecta, and on the efficiency with 
which these elements condense out of the gas phase. 
The contribution of Red Giant stars to the interstellar dust population 
is perhaps the least uncertain. In red giant winds it is possible to derive 
the mass loss rate from the star. If the circumstellar gas is ionized the 
mass loss rate can be derived from the radio free-free emission. If the 
hydrogen in the flow is molecular then the mass loss rate can be derived from 
radio observations of minor constituents such as CO. Major uncertainties in 
these derivations are the CO/H2 abundance, and the distance to the star. 
Total mass loss rates integrated over the galaxy are found to be about 0.3 
M /yr with equal contribution from 0- and C-rich stars (Knapp and Morris, sun 
1985). Adopting a gas-to-dust mass ratio of 100 in the flow, the galactic 
contribution to the interstellar dust population from red giant winds is 
-3  
approximately 3x10 Msun / ~ r .  The mass of dust in the wind can also be 
derived directly from infrared observations. Major uncertainties in this 
method are the infrared properties of the dust, and the dust temperature pro- 
file from the star. 
Supe,rnovae and novae. The contribution from these sources is less cer- 
tain than the contribution from red giants. If the infrared echo detected 
from SN 1980k is due to dust that formed in the supernova ejecta (Dwek et al., 
1983) then the total amount of dust produced in that event was about ~ o - ~ M ~ ~ ~ ,  
which makes it a neglible contributor to the interstellar dust population. 
IRAS observations of the Crab Nebula (Marsden et al., 1984) show that the IR 
excess above the radio synchrotron emission from the nebula is very small. 
- 3 The excess translates into a dust mass of (5-30)xlO Msun in the nebula which 
is also too small to be significant on a galactic scale. IRAS observations of 
the superno'va remnant of Cas A show a large infrared excess above the free- 
free continuum. A preliminary analysis of these observations (Dwek et al., in 
preparation) suggests that the mass of the emitting dust is between 0.1 and 
0-6 MsUn. Adopting an average value in that range, and a frequency of "Cas A 
type" supernovae of O.Ol/yr gives a total galactic dust production rate of 
3x10-3~sunlyr, comparable to the contribution from red giant winds. 
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T h e  m o s t  c o n v i n c i n g  e v i d e n c e  t h a t  t h e  sudden r i s e  i n  t h e  i n f r a r e d  emis- 
s i o n  obse rved  i n  novae i s  due  t o  d u s t  f o r m a t i o n  is  t h e  c o n c u r r e n t  d r o p  i n  t h e  
UV o u t p t ~ t  from t h e  s t a r .  The mass of  d u s t  produced i n  a  nova e v e n t  can r ange  
from t o  M,,~,, which  f o r  a  f r e q u e n c y  of  40 e v e n t s  a  y e a r  g i v e s  a 
c o n t r i b u t i o n  of  ( 4 - 4 0 ) ~ 1 0 - ~ ~  sUn/yr  o v e r  t h e  g a l a x y  (e .g .  Dwek and S c a l o ,  
1980) .  
P l a n e t a r y  n e b u l a e  and p r o t o s t a r s .  Based on i n f r a r e d  p h o t o m e t r i c  
o b s e r v a t i o n s  of a l a r g e  number of  p l a n e t a r y  n e b u l a e  Cohen and Barlow (1974) 
conc luded  t h a t  t h e s e  o b j e c t s  a r e  d u s t  d e f i c i e n t ,  i .e.  t h e  dust- ' to-gas mass 
r a t i o  i n  p l a n e t a r y  n e b u l a e  is  smaller t h a n  i t s  cosmic  v a l u e  o f  0.91. An 
e s t i m a t e  t h e  mass of t h e  d u s t  r e q u i r e s  a d e t a i l e d  knowledge o f  t h e  compos i t i on  
a n d  s i z e  distribution o f  t h e  e m i t t i n g  p a r t i c l e s ,  s i n c e  t h e s e  p r o p e r t i e s  
d e t e r m i n e  t h e  d u s t  t e m p e r a t u r e  i n  a  g i v e n  r a d i a t i o n  f i e l d .  Rased on f a r -  
i n f r a r e d  o b s e r v a t i o n s  o f  a  number o f  p l a n e t a r y  n e b u l a e  Moseley (1980) 
conc luded  t h a t  t h e i r  dus t - to -gas  mass r a t i o  i s  n o t  s i g n i f i c a n t l y  d i f f e r e n t  
from t h a t  of  t h e  ISM. The g a s  c o n t r i b u t i o n  from p l a n e t a r y  n e b u l a e  t o  t h e  ISM 
i s  a b o u t  4 x 1 0 - ~  Msun/yr (Dwek and S c a l o ,  1980) ,  which  f o r  a cosmic  dus t - to-gas  
mass  r a t i o  g i v e s  a n  u p p e r  l i m i t  t o  t h e  g a l a c t i c  d u s t  c o n t r i b u t i o n  o f  
The  c o n t r i b u t i o n  of p r o t o s t a r s  t o  t h e  i n t e r s t e l l a r  d u s t  p o p u l a t i o n  i s  
h a r d  t o  e s t i m a t e .  P r o t o s t a r s  a r e  o b s e r v e d  t o  be ensh rouded  i n  cocoons o f  
d u s t .  The major  u n c e r t a i n t y  i s  t h e  f r a c t i o n  of  t h e  d u s t  t h a t  e x i s t e d  p r i o r  t o  
t h e  f o r m a t i o n  o f  t h e  s t a r .  Assuming t h a t  h a l f  o f  t h e  c o n d e n s i b l e  e l emen t s  i n  
t h e  p r o t o s t e l l a r  n e b u l a e  e x j s t e d  i n  t h e  g a s  phase  Dwek and S c a l o  (1980)  e s t i -  
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mated t h e  d u s t  c o n t r i b u t i o n  of  p r o t o s t a r s  t o  be  (3x10 MSun/yr= 
Hot stars and e v o l v e d  o b j e c t s ,  I n f r a r e d  e x c e s s e s  t h a t  c a n  be a t t r i b u t e d  
t o  c i r c u m s t e l l a r  d u s t  were  o n l y  o b s e r v e d  i n  Wolf-Rayet s ta rs  o f  t y p e  WC9 and 
some 'WC8's. S i n c e  t h e s e  s t a r s  and o t h e r  e v o l v e d  o b j e c t s  a r e  r a r e  t h e i r  con- 
t r i b u t i o n  t o  t h e  i n t e r s t e l l a r  d u s t  i s  n o t  e x p e c t e d  t o  b e  s i g n i f i c a n t .  Abbott  
(1982)  e s t i m a t e d  t h e  g a s  mass Loss ra te  f rom h o t  s tars  t o  be 0.03M /y r ,  
sun  
-4 I y r .  g i v i n g  a  d u s t  p r o d u c t i o n  ra te  <3xlO Msun 
6 ,  PROSPECTS FOR FUTURE RESEARCH 
A s i g n i f i c a n t  amount of o b s e r v a t i o n a l ,  e x p e r i m e n t a l ,  and t h e o r e t i c a l  
work i s  s t i l l  needed t o  r e s o l v e  t h e  v a r i o u s  i s s u e s  reviewed by t h i s  working 
group.  The r o l e  of c e r t a i n  a s t r o n o m i c a l  o b j e c t s  a s  d u s t  s o u r c e s  i s  n o t  y e t  
r e s o l v e d ,  and t h e i r  c o n t r i b u t i o n  t o  t h e  i n t e r s t e l l a r  d u s t  p o p u l a t i o n  i s  un- 
c e r t a i n ,  The c r y s t a l l i n e  s t r u c t u r e  of t h e  newly-formed d u s t  i s  s t i l l  s u b j e c t  
t o  i n t e r p r e t a t i o n s ,  and t h e  d e g r e e  of r e p r o c e s s i n g  i n  t h e  c i r c u m s t e l l a r  env i -  
ronment u n c l e a r .  The i d e n t i f i c a t i o n  of t h e  c a r r i e r s  of t h e  " u n i d e n t i f i e d "  
emiss ion  bands s t i l l  needs  t o  be f i r m l y  e s t a b l i s h e d ,  and d e t a i l s  of  t h e  emis- 
s i o n  mechanism s t i l l  need t o  be worked o u t .  D e t a i l s  of t h e  n u c l e a t i o n  p r o c e s s  
a r e  l a c k i n g ,  and we a r e  i g n o r a n t  abou t  t h e  a s t r o p h y s i c a l  c o n d i t i o n s  i n  t h e  
condensa t ion  s i t e s .  More s p e c i f i c a l l y ,  t h e  f o l l o w i n g  l i s t  of o b j e c t i v e s  may 
h e l p  r e s o l v e  some of t h e  i s s u e s  mentioned above. 
E x t e n s i v e  mapping of t h e  i n f r a r e d  e m i s s i o n  around p l a n e t a r y  nebu lae  w i l l  
e s t a b l i s h  t h e  l o c a t i o n  of t h e  d u s t  w i t h  r e s p e c t  t o  t h e  H I 1  r e g i o n  and may 
r e s o l v e  t h e  q u e s t i o n  of whether  t h e  obse rved  d u s t  was p r e e x i s t i n g  m a t e r i a l  
t h a t  was merely "pushed" o u t  d u r i n g  t h e  p l a n e t a r y  e j e c t i o n  phase  o r  whether i t  
formed i n  t h e  p l a n e t a r y  nebula .  
Superriovae may c o n t r i b u t e  a s  much d u s t  t o  t h e  i n t e r s t e l l a r  medium a s  
g i a n t  and s u p e r g i a n t  s t a r s .  However t h e  p r e s e n c e  of d u s t  i n  supernova e j e c t a  
has  n o t  y e t  been e s t a b l i s h e d .  IRAS follow-up o b s e r v a t i o n s  w i t h  h igh  s p a t i a l  
r e s o l u t i o n  of young, unmixed, "Cas A t y p e "  supernova remnants w i l l  be an  i m -  
p o r t a n t  stiep i n  t h a t  d i r e c t i o n .  High s p e c t r a l  r e s o l u t i o n  o b s e r v a t i o n s  a r e  
needed t o  e s t i m a t e  t h e  c o n t r i b u t i o n  of i n f r a r e d  emiss ion  l i n e s  t o  t h e  observa- 
t i o n s .  Coordinated i n f r a r e d  and o p t i c a l  s e a r c h e s  f o r  Type I1 supernovae a r e  
impor tan t  i f  one hopes t o  obse rve  t h e  d u s t  d u r i n g  i t s  f o r m a t i o n  phase.  
S p a t i a l  imaging,  e s p e c i a l l y  w i t h i n  a  few t e n s  of s t e l l a r  r a d i i ,  and t h e  
d e t e r m i n a t i o n  of d u s t  and molecu la r  abundances w i t h  d i s t a n c e  ( r a d i a l  and 
a z i m u t h a l )  i s  a  u s e f u l  o b s e r v a t i o n  t o  p u r s u e .  An e v o l u t i o n a r y  s e q u e n c e  
("a toms" t o  molecu les  t o  c l u s t e r s  t o  p r e g r a i n s  t o  g r a i n s )  w i t h  d i s t a n c e  from 
the star will yield valuable information on the development of grains in the 
outflow. 
Condensation experiments are needed to examine the validity of classical 
nucleation theory in astrophysical environments. Any alternative' theory will 
have to include the possibility of trapping volatile elements in the condens- 
ing particles. A full kinetic nucleatibn model will require detailed transi- 
tion rates between the various states of the system. 
More observations are needed to characterize the physical conditions in 
the various condensation sites. The implication of these conditions for the 
nucleation process need to be examined. For example, many red giants and 
related stars are observed to pulsate and create slow shocks and density in- 
homogeneities in the outflow. The role of these shocks and inhomogeneities 
(if they persist in the flow) in the nucleation process is unclear. 
Observations capable of detecting spatial or temporal variations in 
grain properties by means oE variations in their spectral properties are crit- 
ical to elucidating processing of circumstellar grains. Changes in the crys- 
tal structure of grains due to processing in a circumstellar environment may 
be monitored by narrow spectral band mapping of the circumstellar region at 
wavelengths centered on the amorphous and crystalline silicate bands. Changes 
in metal to silicon ratio of amorphous silicates introduces small spectral 
shifts which may be monitored using this technique. 
Grain destruction in the ISM is predicted to be so efficient that it 
becomes difficult to account for the observed abundance of refractory grains 
in the ISM, or to account for the preservation of isotopic anomalies in the 
meteorites. The contribution of the various sources to the production of 
interstellar grains needs to be reexamined. Of special importance are super- 
novae which are noted for the overabundafice of refractory elements in their 
ejecta. The contribution of protostellar nebulae is also very uncertain. 
Finally, methods of -producing dust in the interstellar medium (Elmegreen, 
1951) or in dense cloud cores, need further investigation. On the other hand, 
the efficiency for grain destruction may be lower than currently estimated. 
The dynamics and the destruction of the dust in various types of astrophysical 
shocks need to be reexamined in more detail. 
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